The relationship between the magnitude of the transmembrane electrical potential and the uptake of [14C]gentamicin was examined in wild-type Staphylococcus aureus in the logarithmic phase of growth. The electrical potential (Ali) and the pH gradient across the cell membrane were determined by measuring the equilibrium distribution of ['H]tetraphenyl-phosphonium and [14C]acetylsalicylic acid, respectively. Incubation in the presence of the H+-ATPase inhibitor N,N'-dicyclohexylcarbodiimide (DCCD) led to an increase in Atp with no measurable effect on the pH gradient at external pHs ranging from 5.0 to 6.5, and the effect on Al, was DCCD concentration dependent. In separate experiments, gentamicin uptake and killing were studied in the same cells under identical conditions. At pH 5.0 (Au, = -140 mV), no gentamicin uptake occurred. In the presence of 40 and 100 ,uM DCCD, Auj was increased to -162 and -184 mV, respectively, and gentamicin uptake was observed in a manner that was also dependent on the DCCD concentration. At pH 6.0 (Aup = -164 mV), gentamicin uptake occurred in the absence of the carbodiimide but was enhanced in a concentration-dependent fashion by 40 and 100 ,uMDCCD (Au, = -174 and -216 mV, respectively). In all cases increased gentamicin uptake was associated with an enhanced bactericidal effect. The results indicate that initiation of gentamicin uptake requires a threshold level of At, (-155 mV) and that above this level drug uptake is directly dependent on the magnitude of A/v.
[14C]gentamicin was examined in wild-type Staphylococcus aureus in the logarithmic phase of growth. The electrical potential (Ali) and the pH gradient across the cell membrane were determined by measuring the equilibrium distribution of ['H]tetraphenyl-phosphonium and [14C]acetylsalicylic acid, respectively. Incubation in the presence of the H+-ATPase inhibitor N,N'-dicyclohexylcarbodiimide (DCCD) led to an increase in Atp with no measurable effect on the pH gradient at external pHs ranging from 5.0 to 6.5, and the effect on Al, was DCCD concentration dependent. In separate experiments, gentamicin uptake and killing were studied in the same cells under identical conditions. At pH 5.0 (Au, = -140 mV), no gentamicin uptake occurred. In the presence of 40 and 100 ,uM DCCD, Auj was increased to -162 and -184 mV, respectively, and gentamicin uptake was observed in a manner that was also dependent on the DCCD concentration. At pH 6.0 (Aup = -164 mV), gentamicin uptake occurred in the absence of the carbodiimide but was enhanced in a concentration-dependent fashion by 40 and 100 ,uMDCCD (Au, = -174 and -216 mV, respectively). In all cases increased gentamicin uptake was associated with an enhanced bactericidal effect. The results indicate that initiation of gentamicin uptake requires a threshold level of At, (-155 mV) and that above this level drug uptake is directly dependent on the magnitude of A/v.
The lethal effect of the aminoglycoside-aminocyclitol class of antibiotics requires uptake by an energy-dependent transport process (3, 7, 9, 12) . Work from our laboratory (9, 10, 12) suggests that it is the transmembrane electrochemical gradient of protons (AjLH+) that provides the proximate driving force for aminoglycoside uptake. AtpH' is composed of electrical and chemical parameters according to the following relationship: AIH+ = Aup -Z ApH (1) where Aq, represents the electrical potential across the plasma membrane, and ApH is the transmembrane difference in the H+ concentration (Z = 61.5 at 37°C). At a physiological pH the aminoglycosides have a large net positive charge due to the presence of multiple amino groups, and chemiosmotic theory predicts that aminoglycoside transport is driven by A+,, which is interior negative (13, 14) . We have demonstrated with Staphylococcus aureus that early uptake and the lethal effect of aminoglycosides are proportional to the magnitude of Aup (9, 10) . Additionally, these results suggested that a critical threshold of Aul is required to initiate gentamicin uptake. Experimental manipulations that induced aminoglycoside uptake and killing, however, generally increased the magnitude of Au{i at the expense of ApH. Theoretically, therefore, the results can be equally well explained by postulating that the aminoglycosides are actively extruded by a mechanism coupled to ApH (interior alkaline). Recently, for instance, an energy-dependent efflux of tetracycline from plasmid-bearing resistant Escherichia coli has been demonstrated (11 In the presence of the H+-ATPase inhibitor dicyclohexylcarbodiimide (DCCD), certain proton-permeable, neomycinresistant mutants become less permeable to protons, reestablish AIXH+, and regain the ability to accumulate a variety of substrates (1, 17, 18) . In a previous study (12) we demonstrated that exposure of wild-type aminoglycosidesusceptible clinical isolates as well as exposure of a panaminoglycoside-resistant mutant to DCCD results in an enhanced uptake of gentamicin, suggesting that DCCD increases the magnitude of AfrH+ in S. aureus. Preliminary studies indicated that this enhanced uptake was due to selective stimulation of Aul by DCCD. Furthermore, over the concentration range utilized, DCCD is not lethal to the organism, thus permitting dose-response uptake studies. These preliminary experiments suggested a strategy to further examine the relationship between Al\H+ and aminoglycoside uptake and in particular whether a threshold is required to initiate aminoglycoside uptake (9) .
(The results of this study were presented in part at the 22nd Interscience Conference on Antimicrobial Agents and Chemotherapy, Miami Beach, Fla., 4 Growth rates and absorbance. Absorbance readings were measured with a Coleman spectrophotometer (model 6/20-A) at 600 nm. Protein was measured by a modification of the Lowry method (6) and correlated with CFU as described previously (12) . Linear absorbance in all experiments indicated that the strains were in log-phase growth at a bacterial density of from 107 to 108 CFU/ml before the addition of radiolabeled tracers or antibiotics.
Reagents (19) . L\,rH+ was calculated by substituting the measured values of A4i and ApH in equation 1. External pH was adjusted to given values with 1.2 N HCl or 1.0 N NaOH. DCCD was prepared in ethanol and added 15 min before the addition of the radiolabeled tracer or aminoglycoside.
Uptake of radiolabeled aminoglycosides. Cells were prepared as described above except that all uptake experiments were performed in 10-ml aliquots in 50-ml Erlenmeyer flasks constantly agitated in a Dubnoff water bath at 37°C (Precision Scientific, Chicago, Ill.). Sodium phosphate (10 mM) was used as a buffer in all experiments. One-milliliter samples were diluted 1:5 in 3% NaCl, filtered through glass microfiber filters presoaked in either gentamicin or streptomycin (100 F.g/ml), and washed with an additional 5 ml of 3% NaCl. Data were quantitated by assuming that all uptake in the presence of chloramphenicol (100 pLg/ml) or CCCP (100 ,uM) added 15 min before the addition of the aminoglycoside represented nonspecific adherence to cells or filters.
Viability studies. Cells from an overnight culture were suspended in a fresh medium at a given pH. Where indicated, DCCD was added 15 min before the addition of the aminoglycoside. Time-kill studies in log-phase cells at ca. 106 CFU/ml were performed by using standard pour-plate techniques (12) .
RESULTS
Effect of DCCD on the Magnitudes of A* and ApH at an external pH of 5.0 to 6.5. The effect of external pH on the magnitude of /vP and lpH in log-phase S. aureus 86 is illustrated in Fig. 1 . Over this pH range, AtJ increased from -140 to -172 mV, and ApH decreased from -120 to -75 mV. These changes were essentially reciprocal and had little effect on the magnitude of AIJH+. These values are higher than have been reported previously by us for stationaryphase S. aureus (9) , and they confirm the dependence of the magnitude of At{ on the phase of growth as demonstrated by Kashket (8) . Also shown in Fig. 1 At pH 6.0 (ALp = -164 mV), there was gentamicin uptake in the absence of DCCD (Fig. 3B) . However, the uptake of ement of Ak at drug was enhanced by DCCD; at 40 FLM DCCD (APb= -185 the appropriate mV) and more dramatically at 100 ,uM DCCD (Al, = -216 f DCCD for 15 mV), the initial lag phase was diminished, leading to a rapid ed as described early uptake. When gentamicin uptake expressed as the area under the gentamicin uptake-time curve at 40 min was correlated with Au, in the presence of DCCD, a linear function was obtained at pH 5.0 and 6.0 (Fig. 4) . Clearly, therefore, drug uptake was dependent upon the magnitude of 'CD caused a A4i regardless of the external pH. A threshold of ca. -155 and had no mV was required to initiate gentamicin uptake at pH 5.0 and presence of 6.0; i.e., uptake is "gated" (Fig. 4 ). Experiments were also ed magnitude performed with streptomycin at equivalent concentrations )onse studies (15 to 25 ,ug/ml; Gentamicin uptake is expressed as the area under the gentamicin uptake-time curve after correction for base-line uptake in the presence of chloramphenicol.
gentamicin uptake, and early killing of S. aureus. During a 2-min incubation, a linear correlation was observed between drug accumulation and the bactericidal effect. Beyond the first few minutes, cells already fated to die (as determined by colony-forming ability) continued to accumulate the drug as first described by Dubin et al. (5) and Hurwitz and Rosano (7) . The relationship between AkI in the presence of DCCD, gentamicin uptake at 5 min, and killing at 5 min at pH 5.0 and 6.0 is plotted in Fig. 5 . It is clear that above -155 mV, gentamicin uptake is directly proportional to Aq4. Furthermore, the data show that DCCD-induced gentamicin uptake is associated with an enhanced bactericidal effect, but that despite similar quantities of aminoglycoside accumulation at a given A+4, killing was more marked at pHI 6.0 than at pH 5 (17) . Utilizing the proton-leaky E. coli mutant TK1207, Damper and Epstein (4) (3, 15, 20) . Second, there is evidence that the intact H+-ATPase does not provide a perfect proton seal. The thermophilic bacterium PS3 has a stable ATPase which has been isolated, separated into TFo and TF1 components, and reconstituted into phospholipid vesicles (16) . As increasing concentrations of TF, are added to the TFo membrane complex, 32P-ATP exchange increases in a sigmoidal manner. One possible interpretation of the data is that even with no competing metabolic needs for proton gradient energy, a continuous leak of protons though the TFo comnponent of the ATPase drains AJ.H+. Increasing concentrations of DCCD can seal the proton channel as specifically as does TF1 (16) .
In an earlier communication, we reported DCCD enhancement of gentamicin uptake and killing in wild-type and small- (12) . In the present study, the relationship between AH+ and the uptake of gentamicin is explored further. At pH 5.0 and 6.0, DCCD enhancement of A, was associated with an augmented uptake of gentamicin (Fig. 3) . Furthermore, the initiation of gentamicin uptake required a threshold level of A+, and above this threshold a direct correlaiion existed be-tween the magnitude of Ak\ and gentamicin uptake (Fig. 4 and 5) .
It is clear that this relationship is only one of a number of factors which determine stusceptibility to aminoglycosides. Despite DCCD stimulation of Ap and aminoglycoside uptake at pH 5.0 to levels comparable to those at pH 6.0, killing at pH 5.0 was far less than at pH 6.0. Nonetheless, under a variety of different circumstances, A4 
